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Abstract 
Based on the problem of underground vertical U-tube heat exchangers in ground source heat pump systems in 
Shenchi station of Shuohuang railway, the transient heat transfer physical and mathematical model of the soil and 
borehole temperature field is established. Finite element numerical simulation is made by virtue of MATLAB 
software. Through the method of numerical simulation, the paper analyzes the soil temperature, obtains the 
distribution of isotherms around the pipes and the scope of the heat transfer, and understands the heat transfer 
performance around the pipe intuitively. Based on the model and numerical solution, the paper analyzes the changes 
of temperature field about the soil around ground heat exchangers in different ways which involve geological 
conditions operating mode, layout, pipe depth, and pipe coupling interval situation, and then the dates are obtained  to 
help the engineering design of ground heat exchangers. 
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1. Introduction 
It is important to have the comprehensive understanding about the soil temperature distribution around 
the underground pipes, because the operating conditions of ground-source heat pump are closely related 
with the soil temperature field around the pipes. It is possible to design the best underground heat 
exchanger only by understanding the soil temperature distribution before and after the ground source heat 
pump running. A reasonable design will enhance the heat transfer performance of underground pipes, 
improve the coefficient of performance and ground source heat pump system operation economy. 
Therefore, how to improve the ground heat transfer model to enable it to better simulate heat transfer 
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process between pipe and soil is of great significance. The isotherms distribution around the pipe and the 
thermal radius sizes in the different operating time can be drawn through the soil temperature numerical 
simulation analysis. And the heat transfer performance around the pipe can be intuitive to understand [1]. 
2. U-Type for Physical Model of the Vertical Pipe 
The U-vertical pipe underground structure is shown in Figure 1. It is almost impossible to establish 
accurate simulation models of all the actual situations using the existing computing technology because of 
the U-vertical pipe ground heat exchanger geometry and the complexity of soil heat transfer. So the 
necessary simplification must be essential[2-4]. 
 
Fig.1 U-type vertical pipe of the structure 
As it is shown in Figure 1, the U-pipe micro-elements within the fluid are used as the research object. 
In the time, the micro unit firstly begins to exchange heat with borehole backfills through the tube wall in 
the plane that perpendicular to U-tube (i.e., horizontal), while itself is cooling (summer conditions) or 
heating (winter conditions). And then the backfills transfer heat with the soil, at the t t+ Δ moment, the 
micro-elements within the fluid in the tubes reach the next level infinitesimal and repeat the process. 
Thinking about the difficulty of the direct use three-dimensional heat transfer equations, the U-pipes 
three-dimensional transient heat transfer can be decomposed into the one-dimensional heat transfer along 
the depth (z direction) and two-dimensional heat transfer in the horizontal plane, so you can get the 
eventual realization of three-dimensional numerical solution by solving coupled heat transfer equations at 
different depths. It is one equivalent tube instead of the two tubes in the U-tube pipes. This method 
simplify the calculation, and the equivalent radius is 2er r=  (r is a single pipe radius in the U-pipes). 
We can establish underground pipes mathematical equations based on the heat transfer process, the 
simplifying assumptions, the mass conservation theorem and the energy conservation theorem. 
The heat transfer equations between the fluid and wall in tubes: 
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The backfills heat conduction equation: 
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The soil heat conduction equation: 
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where eir , eor , br , r∞  are the equivalent tube inter radius, the equivalent outer radius, the drilling radius, 
the soil infinite boundary radius. Where ft , pt , , , , , , , , , ,b s f p st t u c h r tρ α α  are the fluid temperature, ℃; 
the wall temperature, ℃; the backfill material temperature, ℃; soil temperature, ℃; the fluid velocity 
/m s ; the fluid density 3/kg m ; the fluid specific heat capacity ( )/kJ kg K⋅ ; the fluid and wall heat 
transfer coefficient 2/( )W m K⋅ ; the tube diameter m ; wall thermal diffusivity 2 /m s ; the soil thermal 
diffusivity 2 /m s ; the time s . 
3. Initial Conditions and Boundary Conditions 
Initial conditions: The far boundary of computational domain is 5 m (for guaranteeing the system to 
run 3 months), and the soil temperature is 
T
∞  at the far boundary. In the initial moment, the backfills 
temperature bT and the soil temperature sT are both the initial temperature of the soil 0T  . 
Boundary conditions: In theory, the influence of U-type pipes to the surrounding soil temperature can 
reach infinity, but as the distance increases, the influence will be smaller. When we begin the actual 
calculation, only considering the situation of the area ABCD shown in Figure 2, taking the equivalent 
pipe centerline as the axis of symmetry, CD side as the ground surface; AB side as the end of the 
equivalent pipe; BC as the cylindrical boundary which is 5m from the borehole wall[3]. 
The boundary condition of the soil surface (CD side) temperature is: 
0
0
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In the far boundary (BC side) and bottom (AB side) are taken as adiabatic boundary condition.  
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The boundary surface of axis of symmetry is taken as adiabatic boundary condition. 
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The wall boundary (AD side) of the equivalent pipe is taken as the second boundary condition. 
When the heat pump is on the run time:  
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Fig.2 Diagrams of heat transfer calculation and grid Diagram: (a) area Graph and arrow diagram 
When the flow in the system is not changing, q  is almost a fixed value because the tube wall thickness 
is 2.5 ~ 3mm and the impact of the wall on heat transfer can be ignored. Then the heat transfer between 
buried tube and soil is equal to the convective heat transfer between circulating fluid in pipe and the inner 
wall. The underground pipe and the soil heat transfer is /q Q F=  in the unit area. Q  is the total heat 
transfer between the U-pipes and the soil. F  is an outer equivalent area of underground pipes. 
( )f f f fin foutQ c V T Tρ= −  
where fc , fρ , fV , finT , foutT respectively, are the pipe loop fluid specific heat, /( )kJ kg ⋅℃ ; circulating 
fluid density, 3/kg m ; circulating fluid flow, 3 /m s ; pipe fluid inlet temperature, ℃ ; pipe fluid outlet 
temperature, ℃ . 
4. Numerical Solution of Heat Transfer Model  
The PDE toolbox in MATLAB software is used to solve the unsteady temperature field around the U-
vertical buried pipe and simulate the temperature distribution around the buried heat transfer pipe when 
the ground source heat pump is under continuous operation[5-6]. The equivalent pipe centerline is taken as 
the axis and the radius is 5m in this simulation model. We got the parameters by measure the heat pump 
in shenchi station of shuohuang railway. When the heat pumps were running, the average temperature of 
imports and exports in the underground heat exchangers were 16.1℃ and 18.1℃, respectively. The 
average flow of circulation water was 1.695 
3 /m h  in the underground pipe system, and the heat transfer 
of every unit tube length was 32.7W / m in the heat exchanger. And the depth of the well was 115m; the 
radius of the wellhead was 0.3m. In the underground pipes the outside diameter was 32mm, the inside 
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diameter was 26mm. the initial soil temperature was 9.62 ℃, the average thermal conductivity was 
3.9 / ( )s W m Kλ = ⋅ , the average density was 
33050 /s kg mρ = , the average specific heat capacity was 
0.96 / ( )sc kJ kg K= ⋅ .  
5. Factors 
The main factors which affect the ground heat exchangers are: soil thermal conductivity, the space of 
U-tubes and the holes apertures, the depth of the buried pipes and the heat transfer (for per unit length of 
the pipe). Basing on the heat transfer model, the factors for these effects are discussed in this paper[7]. 
5.1. The temperature distribution of the heat pump system in short and long run 
Figure 3 depicts the change of the soil temperature in the short and long-term operation of the system, 
when the depth of buried pipes is 20m. When the heat pump has been running 24h, the impact of the 
pipes, which can be seen from Figure 4, has extended to about 1m from the center, and the increased 
temperature probably about 1 ℃. It can be seen from Figure 4 when the heat pump has been running 
240h: the radius of the heat of the pipe has reached 3m or so. Meanwhile, the increased temperature is 
also larger, which has reached about 2.2 ℃. The long run of the heat pump causes thermal aggregation 
around the buried pipe, so it is not conducive to the further heat exchange between the pipe and the soil. 
For enhancing the heat transfer of the pipes, it may be appropriate to shorten the operation time and takes 
the intermittent operation mode. 
 
(a) 
 
(b) 
Fig.3 The three-dimensional graphics of the soil temperature field at 20m in 24h and 240h continuous operation: (a)24h and (b)240h 
Figure 4 shows the soil temperature curves in different radiuses from the pipes center at the depth of 
20m after 240h continuous operation of the heat pump. It can be seen from the figure: the soil trend 
around pipe has consistency, that is, the closer from the pipe the more obvious changes in the soil 
temperature, the farther away from the pipe, the smaller the temperature changes. The soil temperature is 
essentially the same when it is 3m away from the center of the pipe, the cumulative heat of the heat pump 
is basely range of 3m from the center. Therefore, the design of vertical pipe group guarantee more than 
3m between drilling space to decrease the effect of heat transfer between the exchanger and the soil. 
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Fig.4   The soil pipe temperature curve at 20m in 240h continuous operation at different radial from the center 
5.2. Change of soil thermal properties under continuous operation 
Table 1 shows the three different soil thermal properties. The temperature changes simulate the soil 
around the pipe after the system 10 days' continuous operation in different soils, which does not consider 
the case of groundwater migration [8-9]. 
Table.1  Thermal properties of three common soil 
Constructional material Density kg/m3 Quality specific heat 
capacity    J/(kg•℃) 
Coefficient of heat conductivity 
W/(m•℃) 
sand 
clay 
sandstone 
1500 
2050 
2800 
1710 
680 
570 
1.13 
1.62 
2.84 
 
 
(a) 
 
(b) 
 
(c) 
Fig.5 The temperature of soil around the underground pipes in different soil conditions: (a) sand conditions (b) clay 
conditions (c) sandstone conditions 
Figure 5 shows the soils temperature field around the pipe after 240h continuous operation in the sand, 
clay and sandstone. Figure 5 shows the heat radiuses of the pipe are about 2.5m, 2m and 3.2m when the 
heat pump is in sand, clay and sandstone. When the thermal diffusivity becomes bigger, the thermal effect 
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radius of the pipe will be larger and the scope of the impact for the soil will be broader. When the higher 
the regions integrated thermal diffusivity of the soil, the greater the required distance between the pipes in 
order to reduce the thermal interference. Meanwhile, more site areas are required. Although the thermal 
effect radius of the pipe gets bigger with the increase of the thermal diffusivity, it can be seen from the 
figure that the biggest thermal effect radius of the pipe is about 3m after 240h experiment. Therefore, in 
practical engineering design, 5m should be considered as the best space to overcome the thermal 
interference between the buried pipes. But when the free space is limited, the space between the buried 
pipes must remain about 3m to guarantee fully heat transfer between the soil and the buried pipes. It can 
be seen from the simulation that the thermal diffusivity of the soil largely determines the size of the 
thermal effect radius of the buried pipe. 
Figure 6 shows the soil temperature curves at 0.3m away from the center under different conditions. 
First, the curves are the rapidly rise, and then leveled off because of large initial temperature difference at 
the beginning. But heat transfer decline and finally be stabilized as the heat accumulation and the 
temperature increment. And then the soil’s temperature will be stabilized. From the curves, we know that 
the maximum temperature rise is clay, reaching about 5.8 ℃, and the minimum temperature rise is 
sandstone, only about 3 ℃. The reason is thermal conductivity and thermal diffusivity of the clay is the 
smallest, the more close to the pipe the more the heat accumulation of the soil, the higher the resulting 
temperature rise. And high thermal conductivity of the sandstone can well transfer heat with the pipe, 
while the heat is spread out and then the temperature increment near the pipe is also lower. 
 
Fig.6 The soil temperature curve at 0.3m away from the center 
From the above analysis, it is obtained that the accurate measurement of the soil thermal properties 
plays a key role to decide whether using ground source heat pump systems. Therefore, more reliable dates 
are obtained by the on-site determination of the soil and the areas which integrated thermal conductivity 
of soil layers are higher to lay out pipes that are necessary to guarantee the stable operation of the system.  
5.3.  The impact of the center distance of the U-type tube’s legs 
The size of the space between each tube of the U-type tubes has a direct impact on whether there is a 
thermal short circuit and the heat transfer of the branch legs. Therefore, it’s important to select the 
appropriate tube legs to avoid the appearance of the thermal short-circuit. The center distance of tube’s 
legs of U-type tubes are set to 60mm, 80mm, 100mm, for solving the numerical solutions by the 
simulation. Figure 7 shows the temperature curves of the drilling’s centre during 24h continuous 
operation of the system. It can be seen from the figure that the smaller the pipe leg center distance, the 
faster the drill center reaches balance, while the temperature is higher. This also explains the smaller tube 
center distance of the legs, the impact will be more evident between the legs, and the hot short-circuit 
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appears more likely. Therefore, in order to ensure greater heat flow and less the probability of heat short-
circuit phenomenon under the extent permitted condition in the manufacture, you can keep a larger center 
distance of the tube legs. It is more appropriate when the distance is generally 100mm ~ 200mm in 
engineering. 
 
Fig.7 The temperature curves of the center hole 
6. Conclusion 
1. The physical and mathematical models of a vertical U-pipe and the temperature field around the soil 
are established, the PDE toolbox in MATLAB software is used to solve the numerical solution of heat 
transfer model. 
2. It can be obtained from the simulation analysis of the system’s short-term and long-term operation. 
The hot effect radius of the pipe is only about 1m when the system has the short run, but the hot effect 
radius of the pipe reaches 3m when the system has the long run. Therefore, for ground-source heat pump 
system, intermittent operation mode is taken, which can effectively alleviate the soil temperature rise. 
Especially when the soil thermal conductivity is very low, intermittent operation mode can be used to 
ensure that the case of pipe outlet temperature to increase the heat offer of the single well. Intermittent 
operation mode can make certain recovery of the soil temperature, increase the pipe outlet temperature, 
and improve the heat exchanger efficiency. 
3. The heat transfer properties between the U-pipe and the soil depend on the soil thermal conductivity, 
the lower soil thermal conductivity, the poorer the soil heat capacity, and the faster the temperature 
changes. Under 10 days continuous operation in the q = 32.7W / m, the temperature difference generated 
under the clay condition is higher than the sand and sandstone conditions. At the same time, the soil 
volume heat capacity reflects the soil heat storage capacity. The soil which has large thermal conductivity 
coefficient and volumetric heat capacity is ideal, followed by a large thermal conductivity of the soil and 
middle volumetric heat capacity. 
4. It obtains from the simulation solution based on the models whose center distance of the U-tube legs 
is set to 60mm, 80mm, and 100mm. In order to ensure greater heat flow and less the probability of heat 
short-circuit phenomenon, it can keep a larger center distance of the tube legs, i.e. 100mm ~ 200mm are 
more appropriate in engineering. 
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